Many viruses utilize molecular motors to package their genomes into preformed capsids. A striking feature of these motors is their ability to generate large forces to drive DNA translocation against entropic, electrostatic, and bending forces resisting DNA confinement. A model based on recently resolved structures of the bacteriophage T4 motor protein gp17 suggests that this motor generates large forces by undergoing a conformational change from an extended to a compact state. This transition is proposed to be driven by electrostatic interactions between complementarily charged residues across the interface between the N-and C-terminal domains of gp17. Here we use atomistic molecular dynamics simulations to investigate in detail the molecular interactions and residues involved in such a compaction transition of gp17. We find that although electrostatic interactions between charged residues contribute significantly to the overall free energy change of compaction, interactions mediated by the uncharged residues are equally if not more important. We identify five charged residues and six uncharged residues at the interface that play a dominant role in the compaction transition and also reveal salt bridging, van der Waals, and solvent hydrogen-bonding interactions mediated by these residues in stabilizing the compact form of gp17. The formation of a salt bridge between Glu309 and Arg494 is found to be particularly crucial, consistent with experiments showing complete abrogation in packaging upon Glu309Lys mutation. The computed contributions of several other residues are also found to correlate well with single-molecule measurements of impairments in DNA translocation activity caused by site-directed mutations.
Introduction
Bacteriophages infect host cells by injecting their genome through the cell wall [1] [2] [3] . For successful delivery, the DNA must be stored at near-crystalline densities and under extremely high pressures within the phage capsid [4] . To achieve such high density packing, bacteriophages use powerful ATP-driven molecular motors that progressively push the DNA into the capsid against large resistive forces arising from DNA bending, electrostatic repulsion, and entropy loss [4] [5] [6] [7] [8] [9] [10] . In fact, these motors represent some of the most powerful molecular machines known to mankind, capable of generating forces in excess of 60 pN and packaging rates of up to 2000 bp/s [11] [12] [13] [14] [15] [16] [17] . Related motors package DNA in many animal viruses, including herpes viruses and adenoviruses. Single-molecule studies of several different phage DNA translocation motors have revealed their properties such as the motor step-size and kinetics [18] [19] [20] , the nature of motor-DNA interactions [21] , and the importance of conserved ATPase domain residues [22] [23] [24] . These studies have provided valuable information but have been limited in scope by the lack of availability of structural data needed to establish structure-function relationships. A detailed understanding of how viral DNA packaging motors are able to generate such high forces while packaging DNA at such rapid rates remains elusive and an active area of research.
The DNA packaging motor of bacteriophage T4 is one of the most powerful model systems for studying the molecular basis of force generation, as it represents the only motor for which the packaging activity has been characterized by bulk and singlemolecule assays and for which the atomic structure has been determined. Specifically, Sun et al. obtained a high-resolution X-ray structure of the T4 motor protein gp17 in its apo state (with empty ATP binding pocket) [25, 26] . It was found that gp17 is organized into three globular domains: the Nterminal subdomains I and II and the C-terminal domain, which are connected by a short, loosely structured segment of residues referred to as the hinge. Concurrently, a low-resolution cryo-electron microscopy (cryo-EM) structure of the stalled motor in complex with the capsid was also reconstructed [25] , revealing a pentameric arrangement of five gp17 units around the capsid portal. While differing conclusions have been reached in the literature regarding the orientation of gp17 subunits in the pentameric motor complex [27, 28] , direct structural data in which the X-ray structure of gp17 was fitted into the cryo-EM density map of the motor complex suggest that it is the N-terminal domain that binds to the portal. The fitting further revealed that the N-and C-terminal domains are separated by an additional 7 Å relative to the corresponding separation in the X-ray structure, suggesting the presence of two distinct states of gp17: a compact state found in the X-ray structure and an extended state inferred from cryo-EM data. It was further observed that the compact form of gp17 forms a large interface between the N-and C-terminal domains containing apparently aligned clusters of complementarily charged residues on opposite faces. Based on these observations, a model for force generation was proposed [25] in which gp17 translocates DNA into the capsid in increments of~2 bp by undergoing a transition from the extended to the compact state, putatively driven by electrostatic forces between complementarily charged residues across the interface separating the N-and C-terminal domains. ATP hydrolysis provides energy to cycle back to the extended state and reset the motor for the next translocation step.
Recently, we tested the abovementioned model of force generation by mutating selected charged residues at the interface between the N-and C-terminal domains that were suggested to be important for force generation [29] . We found that several of these mutations impaired both the packaging rate and the force-generating capability of the T4 motor. The extent of impairment for each mutation correlated well with computed differences in the free energy of compaction between wild type and mutant gp17, providing support for the proposed model of force generation. While the model proposes ion-pairing interactions across the interface as the driving force for the extended-to-compact transition, it is conceivable that polar uncharged (polar) and nonpolar uncharged (hydrophobic) residues are also likely involved in this transition. Indeed, if one defines the interface in terms of residues containing at least one atom within 5 Å of the opposite domain in the compact gp17 structure, then the interface contains a total of 46 residues of which 12 are charged, 11 are polar, and 23 are hydrophobic residues. That the interface buries~1000 Å 2 of the two domains suggests that van der Waals (vdW) and hydrophobic forces could also play a role in stabilizing the compact state of gp17.
In this study, we investigate the molecular basis of force generation in gp17 by using molecular dynamics (MD) simulations. This approach allows us to examine in detail the molecular interactions operating across the domain interface and to also quantify the contribution from each type of interaction and residue to the compaction transition. We find that, in addition to the proposed role of electrostatic interactions between charged residues, interactions mediated by uncharged residues contribute equally in not more to compaction. In particular, of the twelve charged residues originally proposed to form interdomain ion pairs, we find that only five contribute favorably to the free energy of compaction by forming strong salt bridges across the interface, whereas the others serve to stabilize intra-domain secondary structural elements or are too distant to form favorable salt bridges. In addition, we find that one polar residue and five hydrophobic residues participate in compaction by forming an extensive network of vdW interactions with surrounding residues. In addition to salt bridges and vdW interactions, water-mediated hydrogen bonds also play a role in stabilizing the compact form of gp17. The computed contributions of interface residues to the overall free energy of compaction correlate well with experimentally measured impairments in motor activity caused by residue changes.
Results
Our aim is to dissect the importance of various molecular interactions in driving the extended-tocompact transition in gp17 (Fig. 1) . To this end, we adapted the approach of molecular mechanicsgeneralized Born surface area (MM-GBSA) [30] , which allows us to compute the overall free energy change ΔG EC of this transition from explicit solvent, all-atom MD simulations in an efficient manner by approximating the solvation free energy using the generalized Born model. The free energy change is defined here as ΔG EC = G C − G E , where G C and G E are the free energies of the compact and extended states, respectively. Importantly, this method also provides us information on individual contributions to the free energy change arising from each type of intermolecular interaction and each amino acid residue, helping us to identify types of interactions and residues most crucial to the compaction transition. To understand why certain residues and interactions contribute to compaction while others do not, we carried out detailed structural analyses of the MD trajectories used for computing free energies. Specifically, we analyzed how gp17 compaction altered: the distances between complementarily charged pairs of residues across the N-and Cterminal domain interface, the network of vdW contacts made by interfacial residues, and the occupancy of solvent molecules around the interfacial residues. Note that, due to lack of a detailed structure for the multimeric complex, we study the compaction transition in a single gp17 subunit rather than the pentameric arrangement the motor assumes for packaging. It is not known whether neighboring subunits form strong contacts with each other, and it is unlikely that any contact would be mediated by the domain interface being studied here.
Polar and nonpolar interactions contribute equally to gp17 compaction
Our MM-GBSA calculations yield an overall free energy of compaction of ΔG EC = − 35.5 ± 4.9 kcal/ mol. This value is slightly smaller in magnitude than that reported in our previous study [29] , which included some artificial contributions from requirement of the MM-GBSA approach to divide the N-and C-terminal domains into two separate molecules at the hinge region. Previously, we showed that the strongly negative value of ΔG EC is more than capable of generating the N60 pN forces measured in single-molecule packaging experiments on gp17. In the current study, we have further dissected this free energy of compaction into its different contributions to understand the origin of this highly favorable free energy of compaction. Table 1 presents the breakdown of ΔG EC in terms of changes in the molecular mechanics energy ΔE MM,EC and solvation free energy ΔG solv,EC . The molecular mechanics energy has been further dissected into vdW energy ΔE vdW,EC , which accounts for changes in vdW interactions between the atoms of gp17 as it undergoes compaction, and electrostatic energy ΔE ele,EC , which accounts for changes in Coulombic interactions between charged atoms of gp17. Note that the Coulombic energy can arise from both charged and uncharged residues, as the atoms on uncharged residues also carry some partial charges in the force field. The solvation free energy ΔG solv,EC has also been further dissected into polar ΔG pol,EC and nonpolar solvation ΔG np,EC contributions. The polar component ΔG pol,EC accounts for solvent dielectric and salt screening effects not included in ΔE ele,EC , while the nonpolar component ΔG np,EC accounts for vdW interactions between gp17 and the solvent and the free energy of cavity formation. For completeness, we also provide the corresponding contributions to the compact-and extended-state binding free energies ΔG bind,C and ΔG bind,E computed from MM-GBSA that were used to obtain the reported ΔG solv,EC contributions. 1 . Schematic of the proposed mechanism for DNA packaging in T4 bacteriophage involving conformational transition of gp17 from an extended to a compact state. The gp17 protein is shown as vdW spheres and the DNA, added for reference, is shown as smooth ribbons and slabs. Images were generated using the UCSF Chimera program.
Our analysis shows that the favorable free energy of compaction (ΔG EC ) originates from the highly favorable molecular mechanics energy (ΔE MM,EC =− 79.5 ± 12.4 kcal/mol) that more than compensates the unfavorable free energy of solvation (ΔG solv,EC =44.0 ± 10.7 kcal/mol). The contributors to ΔE MM,EC include the favorable vdW (ΔE vdW,EC = − 18.2 ±4.7 kcal/mol) and Coulombic interactions (ΔE ele,EC =− 61.27 ± 11.49 kcal/mol) between N-and C-terminal domains that obviously become stronger as the interacting groups get closer during gp17 compaction. The primary contributor to ΔG solv,EC is the polar component of the solvation free energy (ΔG pol,EC =43.5 ± 10.7 kcal/mol) arising from salt screening and dielectric effect whose magnitudes typically go hand in hand with the Coulombic energy. The contributions from nonpolar solvation (ΔG np,EC = 0.5 ± 0.2 kcal/mol) are minimal, implying that the compact state of gp17 excludes only slightly more water molecules from the domain interface as compared to the extended state.
We next used the abovementioned energy breakdown to obtain the overall contribution from all polar ΔG tot-pol,EC and nonpolar ΔG tot-np,EC interactions. As discussed later, ΔG tot-pol,EC provides a better measure of the role of electrostatic interactions in gp17 compaction than ΔE ele,EC . We find that the net polar contribution to ΔG EC is − 17.8 ± 15.7 kcal/mol while the net nonpolar energy contribution is − 17.7 ± 4.7 kcal/mol. These calculations indicate that although polar interactions play an important role in driving the compaction transition in gp17, in agreement with the model of Sun et al. [25] , nonpolar interactions across the interface arising from vdW contacts are equally important.
Free energy decomposition reveals residues that contribute significantly to compaction
To determine the residues most involved in gp17 compaction, we further decomposed the overall free energy ΔG EC to obtain the contribution ΔG res,i of each gp17 residue (i is the residue index) (Fig. 2a) , where residues contributing large, negative ΔG res,i would be expected to contribute strongly to (a) Per-residue decomposition ΔG res,i of the overall free energy change of gp17 compaction. Most residues are not involved in compaction and thus have a free energy change close to zero. Residues that contribute appreciably are all located at the interface between the N-and C-terminal domains and can be grouped into four main clusters. The slightly favorable contributions of residues in the hinge region close to position 350 are an artifact of the MM-GBSA-based approach that requires the N-and C-terminal domains to be defined as separated molecules. The insets on the top show expanded views of the data corresponding to the four clusters, highlighting 11 residues exhibiting ΔG res,i less than − 0.5 kcal/mol. Location of the five charged residues (b) and six uncharged residues (c) identified as energetically important above shows proximity to the inter-domain interface, indicated by the gray broken line.
compaction. Since the compaction mechanism studied here relies on a conformational change involving the formation of an interface between two domains, much of the free energy is expected to arise from residues at or close to this interface. Indeed, we find that −31.9 ± 3.2 kcal/mol, or 90%, of the total change in free energy arises from the 46 residues residing at the interface (defined as those with at least one atom within 5 Å of the other domain). Summing up the contributions from charged and uncharged residues at the interface reveals that charged residues contribute − 12.0 ± 1.5 kcal/mol (~37%) of this free energy while uncharged residues contribute − 20.0 ± 2.9 kcal/mol (~63%). Dissecting these free energies further into polar and nonpolar contributions reveals that significant portions of the free energy contributions from charged and uncharged residues indeed arise from polar and nonpolar interactions, respectively. These results revealing a larger free energy contribution from uncharged residues as compared to charged residues thus expand upon the original model for force generation proposed by Sun et al. [25] , which implicated electrostatic interactions from charged residues as the main driver of the compaction transition.
We also find that a further subset of 11 residues contributes N 80% of the overall free energy change, each contributing less than − 0.5 kcal/mol to ΔG EC , as listed in Table 2 . The structural context of each of these residues is shown in Fig. 2b and c. Of these 11 energetically important residues, five are charged: Lys19, Glu303, Glu309, Arg494, and Glu536, all of which were proposed to play a role in compaction based on the crystal structure. However, we find that seven of the twelve charged residues (Lys23, Lys305, Lys493, Lys504, Asp505, Glu528, and Glu537) originally proposed to be potentially involved do not contribute a favorable free energy change and are therefore unlikely to be directly involved in force generation. In addition, we find that six uncharged residues contribute very favorable free energy changes: Tyr295, Trp298, Pro310, Thr312, Val531, and Trp533.
Recently, we measured the DNA packaging activity by single-molecule assays in terms of three metrics: average packaging rate, motor velocity (rate not including pauses and slips), and percent time packaging for T4 motors containing wild type or mutant gp17s (Glu537Lys, Glu303Lys, and Glu537Lys-Lys305Asp) in which one or two charged interface residues proposed to be important for compaction were replaced by oppositely charged residues [27] . We observed that all three mutants exhibited impairments in motor activity relative to wild-type gp17. To investigate whether the per-residue free energy contributions calculated here can explain the experimentally observed variations in packaging, we examined the correlation between ΔG res,i computed for the mutated residues and the three experimental metrics of motor activity. As explained in Ref. [29] , we performed this correlation analysis for measurements under a large applied load force (50 pN), where the motor's force-generating capability is strongly challenged. As shown in Fig. 3a -c, we find a strong correlation between per-residue free energy change and each experimental metric of motor activity, indicating that the residues contributing the most free energy to compaction indeed cause the greatest impairment to motor activity when mutated. That the predicted importance of individual residues gained from free energy decomposition relates well to experimental findings suggests that our MD simulation-based free energy calculations provide a reasonable approximation of the energetics governing the compaction transition.
Charge/charge interactions at the interface and their role in gp17 compaction
We next examined in more detail the electrostatic interactions between each pair of oppositely charged residues at the domain interface, in part to investigate why only a subset of all possible charged residues contributed favorably to ΔG EC . Due to screening and solvation effects, the interactions between oppositely charged residues in proteins are highly distance dependent [31] . For instance, "salt bridges", defined as ion pairs where the distance between each pair of oppositely charged ion on the interacting residues is b 4 Å, are almost always favorable because the electrostatic attraction more than compensates the loss in solvation of ions due to pairing. On the other hand, "long-range ion pairs" in which each ion pair distance is N 4 Å are almost always unfavorable [32] . Thus, we examined Table 2 . Per-residue free energy contributions made by the most energetically important residues and further breakdown of these contributions into polar and nonpolar components a Symbols +, −, and 0 within parenthesis denote positively charged, negatively charged, and uncharged residues, while N and C denote residues in the N-and C-terminal domains, respectively.
b Numbers within parentheses represent standard errors in the reported values. A description of how these errors were estimated is provided in Materials and Methods. changes in distances between ion pairs (Fig. 4) and in solvent occupancy near charged groups (Fig. 5) . We also dissected the per-residue free energy contribution of each charged residue into polar and nonpolar components ( Table 2) .
Analysis of ion pair distances between all 12 charged residues near the domain interface (Fig. 4) revealed three main types of electrostatic interactions: strong salt bridges across the interface that form only in the compact state of gp17 (Glu309-Arg494 and Lys19-Glu536), long-range ion pairs across the interface that remain largely unchanged upon compaction (Lys23-Glu537), and strong intradomain salt bridges that also remain unchanged upon compaction (Glu303-Lys305, Lys504-Glu508, and Asp505-Lys509). The other pairs of charged residues were found to be too distant to form any ion pairs (Fig. 2c) .
We find that, among all ion pairs, the most energetically favorable one is between Glu309 and Arg494 that contributes − 6.92 ± 0.60 kcal/mol to ΔG EC (Table 2) , which is~20% of the total free energy of compaction. The reason is two fold. First, the interaction distance between the corresponding ions is only 3.50 ± 0.97 Å in the compact state, much shorter than that in the extended state (8.30 ± 1.87 Å) (Fig. 4d) , leading to favorable electrostatic attraction between the two residues (Table 2) . Second, both residues are located on a partially solvent-exposed face of the protein. Therefore, we expect the desolvation penalty to be partly mitigated as a salt bridge forms between the two residues. In fact, Arg494, which is not even solvated in the extended state, is able to share the solvation of Glu309 by forming a close association with it in the compact state, leading to favorable solvation energy (Table 2 ). This effect is clearly seen in the solvent occupancy maps of the two residues in the two states ( Fig. 5c and d) . Based on this free energy change, we propose that the interaction between Glu309 and Arg494 plays a dominant role in the compaction of gp17, a finding that is consistent with experimental studies showing complete abrogation of packaging activity when Glu309 is changed to a lysine [29] .
Residues Lys19 and Lys23 appear to be capable of forming interactions with either Glu536 or Glu537 in the X-ray crystal structure (Fig. 2b) . However, we find that ion pairs are formed exclusively between Lys19 and Glu536 and between Lys23 and Glu537. While the interaction between Lys19 and Glu536 becomes stronger with compaction, reducing bỹ 2 Å from 4.77 ± 0.57 Å in the extended state to 2.80 ± 0.28 Å in the compact state (Fig. 4a) , the interaction between Lys23 and Glu537 decreases bỹ 1 Å, from 5.84 ± 2.57 Å to 4.77 ± 0.99 Å (Fig. 4b) . The favorable interaction between Lys19 and Glu536 is partly offset by complete desolvation of the ionic groups on the two residues ( Fig. 5a and e) and the resulting salt bridge contributes only − 1.38 ± 0.76 kcal/mol ( Table 2) .
The gp17 crystal structure shows a cluster of charged residues at the center of the domain interface and suggests that Glu303 and Lys305 residues on the N-terminal domain might form ion pairs with Lys504 and Asp505 residues on the C-terminal domain (Fig. 2b) . However, upon inspection of the configurations sampled during MD simulations and ion pair distances, we find that neither of these interactions is formed. Instead, Glu303 and Lys305 interact very closely (3.52 ± 0.59 Å) with each other to form a strong intra-domain salt bridge that stabilizes an important loop connecting elements that contain energetically important residues Glu309, Tyr295, and Trp298 (Fig. 4c) . Interestingly, the favorable per-residue contribution of Glu303 does not arise from its electrostatic interactions, which remain constant during compaction, but rather, it arises from the strong nonpolar contacts that Glu303 makes with residues across the domain in the compact state (Table 2) , possibly facilitated by the removal of a water molecule from the vicinity of this residue upon compaction (Fig. 5b) . Similarly, Lys504 and Asp505 are also involved in Correlations between experimental metrics of motor activity and residue-level free energies. Symbols represent free energy contributions ΔG res,i of residues that were altered by mutation in experiments versus the indicated metric of packaging activity measured for motors assembled with the altered residues. Data also include the activity of the wild-type motor that is assigned ΔG res,i = 0. The packaging rate includes pauses and slips that are not included in the motor velocity [23] . Lines show linear regressions and corresponding Pearson correlation coefficients (min = 0, max = 1) are indicated.
forming salt bridges with other charged residues in the C-terminal domain, Glu508 and Lys509, in both the extended and compact forms of gp17 (Fig. 4d) .
Moreover, both these salt bridges seem to be involved in "capping" the same α-helix, a common function of salt bridges in proteins [33] . showing that Lys19-Glu536 (a) and Glu309-Arg494 (d) ion pairs are important for compaction due to a large decrease in their distances during compaction. The panels also show that Lys23-Glu537 interaction is not important for compaction as the two residues remain distant even in the compact state (b) and that several other charged residues are also not important for compaction due to their preference to form ion pairs within their own domain rather than across domains (c).
Compact Extended
Taken together, the five interfacial charged residues that yielded favorable per-residue free energies do so due to formation of strong salt bridges (Lys19-Glu536 and Glu309-Arg494) and vdW contacts (Glu303) across the interface upon compaction. In contrast, the seven interface residues that contributed negligible or unfavorable free energies do so due to their inability to form any salt bridges (Lys493, Glu528) or due to their involvement in intra-domain salt bridges (Lys305, Lys504, Asp505) or weak long-range ion pairs (Lys23, Glu537).
Nonpolar contacts at the interface and their role in compaction
While charged residues mediate few strong interactions with each other, hydrophobic residues form many parallel weak vdW interactions with their neighbors. Our free energy decomposition identified the involvement of six uncharged residues in gp17 compaction ( Table 2) , five of which are nonpolar residues (Tyr295, Trp298, Pro310, Val531, and Trp533) and one of which is a polar residue (Thr312). Collectively, these six residues were found to contribute 46% of the total free energy of compaction. To investigate how these uncharged residues were involved in stabilizing the compact state, relative to the extended state, we mapped compaction-induced changes in vdW interactions mediated by these residues (Fig. 6 ) and their solvation (Fig. 7) , both indicators of the formation of a stable, solvent-excluding interface.
We found that Tyr295 occupies a position that occludes several other hydrophobic residues from solvent interactions (Fig. 6b) . Upon compaction, a rotation of this residue's aromatic ring reduces its exposure to the solvent, allowing it to form hydrogen bonds with a water molecule through its hydroxyl group (Fig. 7a) . In the compact state, Tyr295, due to its large size, forms 922 vdW contacts, on average, with 15 other residues, an increase of over 79 contacts from the extended state. Both these favorable effects cause Tyr295 to have the largest per-residue free energy contribution to compaction (− 4.23 ± 2.14 kcal/mol; Table 2 ) of all uncharged residues present at the interface.
Unlike Tyr295, Trp298 is buried deeply within the interface region (Fig. 2b) . It is located in the center of the α-helix connecting the ATP binding pocket to the interface. Trp298 contributes a free energy change of − 2.16 ± 0.60 kcal/mol upon compaction, with nonpolar and electrostatic interactions contributing − 1.35 ± 0.58 kcal/mol and − 0.81 ± 0.56 kcal/mol, respectively. The favorable nonpolar contribution arises from Trp298's 1179 vdW contacts, on average, in the compact state, an increase of 64 contacts from the extended state (Fig. 6b) , while the favorable electrostatic contribution arises from the formation of a channel at the interface in the compact state that allows for the indole nitrogen of Trp298 to hydrogen bond with a water molecule (Fig. 7b) .
Pro310 exhibits a similar orientation in both the compact and extended states (Fig. 7c) and is likely involved in the stabilization of a β-turn [34] . Pro310 contributes a free energy change of − 2.38 ± 0.79 kcal/mol toward compaction, all of which is derived from nonpolar interactions due to an increase in the vdW contacts. It forms 59 more vdW contacts in the compact state (for a total of 696) relative to the extended state (Fig. 6a) .
In general, threonines are not involved in the formation of interfaces between proteins due to their polarity. However, Thr312 plays a large role in the energetics of gp17 compaction by occluding the central hydrophobic patch from solvation, similar to Tyr295. Interestingly, Thr312 displays a similar number of vdW contacts in the compact state (555), relative to the extended state (543) (Fig. 6a) . This may seem contradictory, but the minimal increase in contacts allows for Thr312 to retain its ability to form hydrogen bonds with water, similar to its conformation in the extended state (Fig. 7d) .
Val531 occupies a position at the center of the hydrophobic patch in the interface. The compaction transition leads to a~90°rotation of the side chain with respect to the backbone, resulting in a large reduction in the surface area exposed to solvent (Fig. 7e) and the same number of vdW contacts with neighboring residues in the compact state (579) and the extended state (579) (Fig. 6a) . This leads to a large free energy contribution of − 3.74 ± 1.02 kcal/ mol, most of which is contributed by nonpolar interactions (Table 2) .
Finally, Trp533 plays a strong role in compaction by effecting a large degree of desolvation needed to form a stable interface due to its large size. Upon compaction, the water molecule nearest to Trp533 is pushed away by 3 Å (Fig. 7f) , a significant change that leads Trp533 to form 21 additional vdW contacts, on average, in the compact state (1196 contacts, relative to 1175 contacts in the extended state; Fig. 6a ), explaining its favorable free energy contribution of − 3.59 ± 1.02 kcal/mol (Table 2) .
We also note that, in most cases, the change in number of vdW contacts mediated by a residue upon compaction correlates very well with the corresponding free energy change contributed by that residue. This shows that the main role of these uncharged residues within the interface is to exclude water to allow for close association of the faces of the two domains. Val531 is the only residue that does not follow this trend because the free energy change at this position is due solely to favorable rotation of a side chain that forces water molecules out of the interface.
Compact Extended

Discussion
We have elucidated the specific molecular interactions involved in driving a reported compaction transition in bacteriophage T4 DNA packaging motor, gp17. Recently, Sun et al. proposed that this conformational transition is responsible for generating the "power stroke" that translocates DNA into the viral capsid against large resistive forces and that the transition is mediated by electrostatic interactions between complementarily charged pairs of residues on the N-and C-terminal domains [25] . Using a combination of MD simulations, free energy decomposition, and structural analyses, we have shown here that the proposed conformational transition is highly energetically favorable. We also show that the transition is not governed solely by electrostatic interactions between charged pairs of residues alone but that interactions mediated by uncharged residues play an equal if not greater role. Our calculations reveal the existence of 11 critical residues at the domain interface that contribute N 80% of the favorable free energy associated with the compaction transition, of which 5 residues are charged, 5 are hydrophobic, and 1 is polar. We have dissected the role played by each residue in promoting the compaction transition in terms of changes in the salt bridges, vdW contacts, and hydrogen-bonding interactions with water mediated by each residue as gp17 undergoes the transition.
Our results not only help to identify the underlying interactions leading to DNA translocation but also serve to expand the possibilities for further testing of this proposed mechanism of DNA translocation via targeted mutagenesis. The previous hypothesis that charged residues mediate force generation has now been refined-we have shown that fewer than half of the 12 charged residues at the inter-domain interface function directly in force generation by forming key salt bridges. There is excellent correlation between the per-residue free energy change and available experimental data on the effects of site-directed mutations of charged residues. Alterations of the six uncharged residues we have identified are also expected to cause significant impairments in motor function. In fact, mutation of one of these identified hydrophobic residues (Trp533Ala) has already been shown through a bulk assay to impair DNA packaging [25] . Additionally, the interaction between Lys19 and Glu536 is lengthened in the extended state, partially due to the proximity of a competing interaction with Lys529. If the interaction between Lys19 and Glu536 is important to initiating compaction, then mutation of Lys529 might cause difficulties in attaining the extended state, resulting in potential reduction in the velocity or force generation capabilities of the motor. Finally, because we have been able to discern between competing charge pairs such as Lys493-Glu309 and Arg494-Glu309, it is conceivable that motor activity could even be enhanced by removing the nonsalt bridging residue to strengthen the dominant ion pair, in this case, the salt bridge between Arg494 and Glu309.
While our computational results are in generally good agreement with available experiments, one must still consider these results in proper perspective due to the approximate nature of these calculations. First of all, the semi-empirical force fields used in all MD simulations including ours are simplified approximations of the true electronic interactions between atoms. Second, while we have attempted to perform our MD simulations as exhaustively as possible with the available computational resources, the simulations might still not be able to fully sample all relevant conformational states, leading to inaccuracies in the computed ensemble averages. Third, the MM-GBSA approach uses a mean-field approximation to drastically speed up the calculation of solvation free energies. Fourth, changes in the configurational entropy of gp17 as it undergoes the compaction transition have been neglected due to the enormous computational requirements of such a calculation. Lastly, as mentioned earlier, due to our limited knowledge on the structure of the pentameric motor complex, we are currently restricted to examining the compaction transition in monomeric forms of gp17. Nevertheless, we believe that our calculations capture well the leading-order contributions of residues and interactions involved in the compaction transition in gp17, especially given the strong correlation with the experimental trend of impairments.
In conclusion, our study refines the original model proposed by Sun et al. for force generation in gp17, as summarized schematically in Fig. 8 . Our calculations indicate that only a few charged residues contribute significantly to compaction and that a number of uncharged residues also play a significant role. In particular, the compaction step is most stabilized by the formation of a very favorable salt bridge between residues Arg494 and Glu309. Once the interface is nearly closed, other inter-domain salt bridges and vdW interactions between adjacent hydrophobic residues conclude the power stroke and stabilize the interface by forming solvent-excluding interaction networks that aid in the desolvation of the interface. The conformational change bringing the N-and C-terminal domains together in gp17 to drive DNA translocation is analogous in some ways to the large rearrangement used to reset the myosin motor [35] and to the F o ATP synthase subunit coordination that is carried out by a single arginine residue orienting the surrounding amino acids for proton transfer [36] . In both systems, a conformational change is initiated by longer-range ion pairing and is continued by vdW or polar interactions. Future studies should reveal differences and similarities between viral DNA packaging motors such as gp17 and other types of molecular motors found in nature.
Materials and Methods
Preparation of initial configurations
The MM-GBSA approach [30] requires carrying out exhaustive all-atom MD simulations of the compact and extended states of gp17 in explicit solvent and ions, starting from reasonable initial configurations of the two states. To obtain these initial configurations, we immersed the gp17 crystal structure in the compact state (PDB code 3CPE) in a TIP3P water box with a minimum padding of 10 Å by using the Solvate function in VMD [37] . We used the Autoionize function in VMD to neutralize the system and add 150 mM NaCl. The resulting system was energy minimized with 100 steps of steepest descent and then equilibrated with 0.5-ns-long MD simulations to yield the initial configuration of the compact form of gp17. To obtain the initial configuration of the extended state, we carried out additional steered MD simulations of the compact configuration prepared above. In these simulations, the C-terminal domain was slowly pulled away from the N-terminal domain along the vector connecting the centers of mass of the two domains at a velocity of 0.0002 Å/fs until the two domains were separated by a further 7 Å relative to the starting structure. The resulting extended structure was further equilibrated using 0.5-ns-long MD simulations to yield the initial configuration of the extended form of gp17.
The energy minimizations and MD simulations described above were carried out in NAMD [38] using the CHARMM 27 force field [39] . All MD simulations were performed with periodic boundary conditions at a constant temperature of 300 K and a constant pressure of 1 atm. A SHAKE algorithm was used to keep all bonds involving hydrogen atoms rigid. A cutoff distance of 12 Å was used for computing short-range nonbonded interactions and a particle mesh Ewald method with grid spacing of 1 Å was used for computing electrostatic interactions. The temperature was maintained constant using a Langevin thermostat with a damping constant of 1 ps and the pressure was maintained constant using a Langevin piston with a period of 100 fs and a damping time constant of 50 fs. A time step of 2 fs was employed for integrating the equations of motion.
In addition to the compact and extended initial configurations prepared above, we generated three more sets of initial configurations. This allowed us to perform four independent MM-GBSA calculations, each starting from a different set of initial configurations, to improve our free energy estimates. To this end, we performed 50-ps-long MD simulations on the original set of initial configurations at four different temperatures of 300 K, 310 K, 320 K, and 330 K. A weak restraint was imposed on all heavy atoms through a harmonic potential with a spring constant of 2.0 kcal/mol/Å 2 . This procedure allowed the configurations to depart significantly from the starting configuration while remaining stable at the nonphysiological temperatures. We carried out additional 1 ns of MD simulations during which the restraints were removed and the temperatures were brought back to 300 K.
Free energy calculations and decomposition
While the free energy change ΔG EC of the compaction transition in gp17 can in principle be calculated from all-atom MD simulations using exact formalisms such as umbrella sampling and free energy perturbation, these methods prove to be computationally intractable for systems as large as gp17. Consequently, we used the more efficient method of MM-GBSA [30] , which permits quick estimates of ΔG EC from all-atom MD simulations by approximating the solvation free energy using the generalized Born model; this approach also conveniently provides interaction-and residue-level contributions to the overall free energy change [40] .
However, MM-GBSA is designed to calculate intermolecular binding free energies, that is, free energy difference between bound and completely unbound states of two separate molecules, whereas ΔG EC is the free energy difference between two differently bound states (extended and compact) of the same molecule (gp17). We therefore adapt our application of the MM-GBSA approach to computing ΔG EC by (1) treating the N-and C-terminal domains of gp17 as two separate molecules divided at the flexible hinge connecting the two domains and by (2) computing the "binding" free energies ΔG bind,C and ΔG bind,E favorable compaction
Trp533 Fig. 8 . Refined model for interactions governing gp17 compaction. As illustrated schematically, only a few charged residues contribute significantly to compaction, and a number of uncharged amino acids, along with solvation effects, also play a significant role. Red spheres indicate negatively charged residues, blue indicates positively charged residues, gray indicates uncharged residues, and red-white spheres indicate water molecules. associated with assembling the compact and extended states from a common isolated state in which the two domains are too far to interact, calculations that are directly amenable to MM-GBSA. This indirect approach then allows us to obtain the free energy of compaction ΔG EC via ΔG EC = ΔG bind,C − ΔG bind,E .
The binding free energies ΔG bind,E and ΔG bind,C were computed from snapshots of the extended-and compactstate configurations of gp17 by using the mm_pbsa.pl script in AMBER 10 [41] . We used a total of 6400 snapshots for each state, gathered from four 8-ns-long explicit solvent MD simulations and spaced 5 ps apart. The simulations were started from the initial configurations of the extended and compact states generated above and were carried out using NAMD software with CHARMM 27 force field at 300 K temperature, 1 atm pressure, and 150 mM NaCl using the same simulation protocol we described earlier for equilibrating the initial configurations. In these calculations, the N-terminal domain (residues 1-359) and the C-terminal domain (residues 360-560) were treated as two separate molecules, called receptor and ligand, respectively. The binding free energy ΔG bind,i (i = C, E) was then computed as
where ΔE MM,i , ΔG sol,i , and TΔS conf,i represent contributions from changes in the molecular mechanics energy, solvation free energy, and entropy to the overall free energy change. The molecular mechanics contribution ΔE MM,i was computed as the total interaction energy between the two gp17 domains in the complex state, given by the sum of vdW ΔE vdW,i and electrostatic (Coulombic) and ΔE ele,i interaction energies [41] . The solvation contribution ΔG sol,i was calculated via continuum, mean-field description of solvent, as the sum of polar and nonpolar components. The polar component ΔG pol,i due to solvent dielectric and salt screening effects was computed using the generalized Born approach [42] . For this calculation, the solute and solvent dielectric constants were set to 1 and 80, respectively. The nonpolar component ΔG np,i due to water/solute vdW interactions and cavity formation was calculated as the change in the solvent-accessible surface area upon complex formation multiplied by the surface tension. We used a water probe of radius 1.4 Å for calculating solvent-accessible surface area and used a surface tension of 0.0072 kcal/mol/Å 2 . The entropic contribution TΔS conf , typically computed using normal mode analysis [43] , was not calculated, as these calculations converge very slowly. Moreover, our focus is on computing residue-and interactions-level contributions to the compaction free energy, and the normal mode entropy is a collective property that cannot be dissected to the level of individual molecular interactions or residues.
The abovementioned calculations yielded various components of the compact-and extended-state binding free energies that were then used to obtain interaction-level contributions-vdW, Coulombic, polar solvation, and nonpolar solvation-to the free energy of compaction ΔG EC :
These contributions were also used to obtain the total polar (Coulombic + polar solvation) and total nonpolar (vdW + nonpolar solvation) contributions to ΔG EC via:
Because polar uncharged and hydrophobic residues also hold partial charges in the force field, the total polar contribution ΔG tot-pol,EC includes Coulombic interactions between all residues, not just the charged ones that are expected to contribute the most. Similarly, all residues exhibit vdW interactions, and therefore, the total nonpolar contribution ΔG tot-np,EC includes vdW interactions from all types of residues, though hydrophobic residues are expected to contribute more. Also, since the total polar contribution accounts for the mitigation of Coulombic interactions due to salt screening and solvation via the ΔG pol,EC term, ΔG tot-pol,EC is a truer indicator of the contribution of electrostatic interactions than ΔE ele,EC .
To obtain the contributions to ΔG EC from each residue, denoted by ΔG res,i for residue i, we used the free energy decomposition function in MM-GBSA (by setting DCTYPE = 2 to indicate per-residue decomposition) in AMBER 10. Details on how the free energies contributions from vdW, electrostatic, and polar/nonpolar solvation are divided on a per-residue basis have been described elsewhere [44] .
Estimating statistical errors in the computed free energies
The MM-GBSA algorithm we use outputs the average binding free energy ΔG bind and its four components ΔE ele , ΔE vdW , ΔG np , and ΔG pol from a single MD trajectory of a molecular complex. We calculated the errors in ΔG bind,i , ΔE ele,i , ΔE vdW,i , ΔG np,i , and ΔG pol,i as SEM (standard error of the mean) obtained from application of this protocol to the four separate 5-ns-long MD trajectories obtained for each gp17 state (i = C, E). We used standard error propagation formulas to obtain errors in the quantities we report involving sums or differences in the abovementioned five outputs, for example, the error in ΔG EC (ΔG bind,C − ΔG bind,E ) was obtained from the SEMs of ΔG bind,C and ΔG bind,E . The MM-GBSA free energy decomposition algorithm outputs the average free energy contribution from each residue and its four components (vdW, electrostatic, polar solvation, and nonpolar solvation) from an MD trajectory. Applying this protocol to the four MD trajectories of each state then yielded for each state the means and SEMs of the per-residue contribution and for each of the four components. The reported errors in the per-residue free energies ΔG res,i and in the polar and nonpolar components of these free energies were again obtained by using standard error propagation formulas on the SEMs of the per-residue energies and of their four components calculated for each of the two states of gp17.
Generation of average structures and visualization
To assess changes in the relative positions of hydrophobic and polar residues at the domain interface upon gp17 compaction, and for visualizing these changes, we used "average" structures of gp17 in the extended and compact states. We loaded the MD simulation trajectory files (.mdcrd) and parameter files (.prmtop) into the UCSF Chimera package [45] using MD Movie tool and then used the Average Structure function to calculate the average extended-and compact-state structures from all simulated snapshots of gp17. It should be noted that the average structures were only used for determining the general locations of residues and their interactions and not for calculating exact distances between the atoms, as the averaging procedure can introduce small structural artifacts when amino acids have extensive flexibility.
Measurements of distances between charged residues
To investigate changes in ion-pairing interactions between charged groups at the interface during gp17 compaction, we monitored the distances between all pairs of charged atoms capable of forming salt bridges in the extended and compact states of gp17. In one approach, we used the function ptraj [46] within AmberTools to measure the fluctuations in distances between putatively interacting pairs of charged atoms during the course of the MD simulations. In another approach, we created a script that inputs the MD simulation trajectories and outputs distances between selected pairs of atoms at chosen intervals during the course of the simulation. The reported distances between pairs of charged atom were averaged over the 6400 snapshots for each of the extended-and compact-state configurations.
Measurements of vdW contacts
To investigate the vdW interaction network made by residues at the interface, we mapped out all contacts formed between each atom of the selected interface residue with all atoms from other residues within the same domain and the opposite domain. We used the Find clashes/contacts function in the UCSF Chimera package, with VDW-overlap parameter set to −2.75 Å to count only those pairs of interactions within the span of a single water molecule. By measuring the average number of contacts made by each residue over the simulated trajectories of the compact and extended forms of gp17, we were able to ascertain patterns of vdW contacts and how they change with gp17 compaction.
Water occupancy measurements
Some water molecules reside in stable positions throughout the simulation. Similar to water molecules that appear in X-ray crystal structures, these "bound" waters occupy positions close to the protein where they likely play a more direct role in protein function. To locate such water molecules in the extended and compact forms of gp17, we loaded trajectory files (.mdcrd) and the parameter file (.prmtop) from MD simulations of the two forms of gp17 into the MD Movie tool within the UCSF Chimera package. We held the gp17 molecule fixed using the Hold steady command and used the Calculate Occupancy function to calculate the fractional occupancy of water within a three-dimensional grid of volume elements defined relative to gp17 in all inputted configurations. The program outputs a pair of occupancy maps, one for the hydrogen and another one for the oxygen atoms of water around gp17. To visualize only the high-occupancy (bound) waters, we adjusted the contour levels such that only those waters present in positions more than 30% of the time were visible. We used the same procedure outlined above to obtain the water occupancy map of specific residues by holding only the selected residue fixed.
